In insects, nicotinic acetylcholine receptors (nAChRs) are neurotransmitter-gated ion channels that mediate fast cholinergic synaptic transmission ([@iev080-B33], [@iev080-B27]). As the main neuro-transmitter receptors, nAChRs are ideal targets for several kinds of insecticides, such as neonicotinoids. Several proteins, such as chaperones, regulators, and modulators, play important roles in the synthesis, degradation, and functional regulation of insect nAChRs, in vivo and in vitro ([@iev080-B22], [@iev080-B6], [@iev080-B29]). RIC-3 and Lynx are two noted regulators of nAChRs in insects ([@iev080-B6], [@iev080-B29], [@iev080-B23], [@iev080-B44]). RIC-3 is necessary for proper folding/assembly of nAChRs, functioning as a molecular chaperone ([@iev080-B29]). Lynx proteins improved the efficiency of protein folding and assembly in *Pyrocoelia rufa* and *Nilaparvata lugens* ([@iev080-B6], [@iev080-B23], [@iev080-B44]). Recent studies showed that nAChR subunit expression was regulated by imidacloprid, which changed the sensitivity to neonicotinoid insecticides ([@iev080-B26], [@iev080-B46], [@iev080-B40]). Thus, insect nAChRs and their interacting proteins might be regulated by insecticides during transcription.

The important proteins in insect central nervous system (CNS) are targets for many insecticides and insects can use the CNS as the last line of defense against insecticides. In insects, P450 monooxygenases are the most important detoxification enzymes to metabolize endogenous and exogenous compounds such as insecticides. In vertebrate CNS, P450s in the brain could catalyze neurosteroids and drugs ([@iev080-B37], [@iev080-B28]). Some P450 enzymes in insects, such as *Drosophila melanogaster* CYP6G1, *Bemisia tabaci* CYP6CM1vQ, and *Nilaparvata lugens* CYP6AY1 could metabolize imidacloprid ([@iev080-B18], [@iev080-B20], [@iev080-B9]). The induction/repression mechanisms of detoxification enzymes, in response to xenobiotic exposure, have been elucidated in some insect species ([@iev080-B11]). Expression of CYP4 and CYP9 genes could be induced by compounds present in the midgut of *Manduca sexta* ([@iev080-B34], [@iev080-B36]). However, there are few reports regarding the induction of P450s in insect CNS by insecticides. Therefore, the variation in P450 expression in insect CNS in response to imidacloprid exposure merits an investigation.

The locust \[*Locusta migratoria manilensis* (Meyen)\] is an ideal model hemimetabolous insect and causes tremendous loss of agricultural production ([@iev080-B14]). In this study, we used the Illumina sequencing platform to analyze genes differentially expressed in the locust CNS following application of various doses of imidacloprid. The putative interacting proteins of nAChRs and P450s showed marked variation in their expressions. The expression variations of some unigenes were validated by qRT-PCR. This study provides useful information regarding gene regulation in insect CNS in response to insecticide application.

Materials and Methods
=====================

### Insects and Chemicals

Locusts were purchased from the Hongguang Medicinal Animal Co. Ltd. (Jurong, Jiangsu, China).

Imidacloprid (97%) was purchased from Red Sun Group Corporation (Nanjing, China).

### Bioassays and Sample Collection

Bioassays were performed in triplicate using 30 adult locusts with mixed sexes. Each locust was fed with 10 μL of insecticide solution with pipettes. The locusts that could not take in the entire insecticide dose were eliminated from the study. Imidacloprid was first dissolved in acetone and then diluted into different imidacloprid solutions using distilled water with the final proportion for acetone and Triton X-100 of 0.1 and 0.5% by volume. Five imidacloprid concentrations from 10 to 160 mg/liter were used. Water with acetone and Triton X-100 at 0.1 and 0.5% by volume was applied as the control (CK). All tests were conducted at 25 ± 1°C and mortalities were recorded after 24 h. The data were analyzed using DPS software ([@iev080-B41]).

The low (LD~10~), high (LD~80~) doses of imidacloprid, and the control (CK) were applied to adult locusts. After 24 h, the entire CNS from five surviving locusts as one sample was isolated by dissection for subsequent RNA isolation.

### RNA Isolation, Library Construction, and Illumina Sequencing

The entire CNS was homogenized and RNA was extracted utilizing the TRIzol reagent (Invitrogen, USA), following the manufacturer's instructions. RNase-free DNase I (Takara Biotechnology, China) was applied to eliminate genomic DNA contamination.

cDNA library preparation and sequencing reactions were performed by the BGI (Shenzhen, China). The library was sequenced using Illumina HiSeq 2000 (Illumina Inc., San Diego, CA).

### Analysis of Illumina Sequencing Results

Reads from each library were assembled separately after elimination of low-quality reads. Trinity software was used for de novo transcriptome assembly ([@iev080-B13]) to generate contigs and unigenes. In the final step, the transcripts were searched for similarity against the protein databases NR, Swiss-Prot, KEGG, and COG, using BLASTX with a cut-off *E*-value of 10^−5^. The best-aligned results were used to determine the direction of sequences. These unigenes were initially aligned using protein databases, in the priority order NR, Swiss-Prot, KEGG, and COG. If a unigene could not be aligned to any database, its sequence direction and predicted coding region were determined using the ESTcan software ([@iev080-B15]).

### Differential Expression of Unigenes

Unigene expression was determined using the fragment per kilobase of transcript per million fragments (FPKM) method. The FPKM and reads per kilobase per million read (RPKM) formulae are identical ([@iev080-B30]). However, when both pairs of reads were aligned to a gene, they were treated as one fragment with FPKM, but two reads by RPKM. An algorithm was developed to identify genes differentially expressed between two samples ([@iev080-B2]). False discovery rate (FDR) control is a statistical method used in multiple hypothesis testing. Sequences according to 'FDR ≤ 0.001 and the absolute value of log~2~Ratio ≥ 1' were regarded as being significantly differentially expressed.

### qRT-PCR Validation of Gene Expression

Seventeen unigenes were selected to test their expression in the locust CNS following imidacloprid treatments at low and high doses. The total RNA was extracted from the locust CNS, and at least three replicate experiments were prepared for each sample. Reverse transcription to cDNA was performed using the PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Tokyo, Japan) and qRT-PCR was performed with the SYBR *Premix Ex Taq* (TaKaRa) on a 7500 Real-Time PCR System (Applied Biosystems) with 10 μL reaction buffer (SYBR *Premix Ex Taq*), 0.4 μL each primer (10 μM), 0.4 × Rox Reference Dye II, H~2~O up to 20 μL, following the manufacturer instructions. Gene expression difference was calculated by the 2^ − ΔΔC^*^t^* method ([@iev080-B24]). For normalization, two reference genes (β-actin and GAPDH) were validated experimentally for each generation and treatment, with the geometric mean of the selected genes then used for normalization according to the strategy described previously ([@iev080-B42]). All PCR primer sequences are shown in [Table 1](#iev080-T1){ref-type="table"}. Table 1.The specific primers used in qRT-PCRUnigene IDPutative annotationPrimersCL2087-1CYP6AM1F---ATCGACTACACTTACTGGAAR---GAGTAAATACCGACGAAATCU5019CYP4G43F---GCCTTCTTGGACCTTATGR---GTCCTGAATGTCCTGATGCL2702-3CYP6BK17F---CTCGACAAGGTCGTCTCAGAGACGR---GAAGTAGTGAGGGTCGTGATGGAGU33624Protein kinase CF---CCTGAATGGTGGAGATCTGATGR---GCGGATATGGCCTTCATAGTCCL2319-1Mito 12A2F---GTTCGCCGAGCTAGAGGTCTACR---GTCTCTGTCGATGACCTTGAACU13389CYP4C1F---CAAACGTGAAGATCGATTGCGCR---GGGTGAAGGAAGGCATACATACCL2611-1CYP4C1F---CAGGATCAGTGAACTCACCATGR---CTTGGATTGGGCTCCGTTCGU21296Spectrin alpha chainF---GAACCTGTTGAGCGTGTTGAGGAGR---CATCCTCCCTTCGAACATTCCACCU29431Spectrin alpha chainF---ATCTATGATGGAAGGTTCTGR---CTGTGCTCTGTATACCTATTCL4026-1CYP6AM1F---AAAGCTATTTCACTCTGGAGR---TTCAGTACCTCGTCTATCTCU6027CYP4C1F---CACCTACGTCATGCTCTACAR---AGTAATGAGGTCGCTGCTACCL2853-2CYP4C62F---CCGATGTTCAGGAGAAGGCATACR---CGTAAGCGTACGGCCTATGAAAGU31578Mito 2U1F---CTGATATACACGGCGCACCACCR---GACAGAGATGGGAGTGAGAGTCCU31293Mito 302A1F---GCAGGGACTGTGGTTGTCACACAGR---GAGCGATACAGCTGCGTGGTCCATGCL181-1Dynamin 1F---ACTAAGGTTCCTGTGGGAGATCR---CATCTGGATCAACACTCTTGGCU38505CYP4D2F---CTGCACTTCTGGCGCAAGATGCR---GTCACGTACTCGTCGCGCTCCL3168-1Nlα8F---CAACTACGAGGTGACGCTGATGR---CCGTTGTAAGTCCACGATCCAAβ-actinβ-actinF---CGAAGCACAGTCAAAGAGAGGTAR---GCTTCAGTCAAGAGAACAGGATGGAPDHGAPDHF---GATGTGAAAGCCGAAGGAAACTGR---GTTGGAGATGACCTTGTAAGAGG

Results and Discussion
======================

### Bioassays

Feeding bioassays were used to assess imidacloprid toxicity in locusts. The toxicological regression line (LD-P) was computed as *y* = 1.0398*x* + 5.2032. The LD~50~ of imidacloprid for the locust was 0.64 mg (95% CI 0.51--0.80), with control mortality of 4.44%. According to the LD-P line, LD~10~ (0.037 mg) and LD~80~ (4.11 mg) were selected as the low-dose (LD) and high-dose (HD) to treated locusts, respectively.

### Expression of nAChR Subunits

To gain insight into the molecular biology of the response to insecticide stress, transcript levels of the target genes, nAChR subunits, were analyzed. A total of 22 nAChR subunit-encoding sequences, originated from CK, LD, and HD reads, were identified in the locust CNS transcriptome. An algorithm (see 'Materials and Methods' section) was used to identify genes differentially expressed at LD and HD. Partial data are shown in [Table 2](#iev080-T2){ref-type="table"} and detailed data in [Supp Table 1](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev080/-/DC1) (online only). The unigenes annotated as Locα4 and Locα8 showed a significant decrease in expression at LD, and Locα8 expression was also significantly regulated by HD imidacloprid ([Table 2](#iev080-T2){ref-type="table"}). At HD, there are three unigenes annotated as α8 subunit, in which one unigene was upregulated and another one was downregulated. Therefore, the expression variation of Locα8 required further verification. Table 2.The expression of nAChR subunits after exposure to imidaclopridNameUnigene IDLog~2~Ratio (CK-LD)Log~2~Ratio (CK-HD)**α1**CL4363-2−0.930.02**α2**U7233−0.390.06**α4**CL3101-1−1.75−0.41CL4363-1−1.10−0.33**α5**U42310.52−0.30**α6**U179720.270.24**α7**CL2382-20.420.57**α8**CL3168-10.501.20U21252−1.260.02U8705−8.44−2.57**α9**U41170.330.19**β1**U23042−0.66−0.42

Recent studies have shown that changes in nAChR subunit expression caused decreased sensitivity or resistance to neonicotinoids ([@iev080-B26], [@iev080-B46], [@iev080-B40]). We suggest that the variation in nAChR subunit expression induced by imidacloprid treatment might contribute to the decreased sensitivity to imidacloprid. In previous studies of neonicotinoid resistance, the selection of a resistant strain or population was indispensable, which always was time-consuming. By contrast, the findings on changes in the subunit expression following imidacloprid treatments may allow rapid identification of insensitivity due to changes in expression levels of nAChR subunits.

### nAChRs-Interacting Proteins

The intracellular factors involved in the regulation of nAChR function could modulate neonicotinoid sensitivities ([@iev080-B4]). The cAMP-dependent protein kinase and protein phosphatase 1/2A are known to interact with nAChRs and regulate the functions of nAChRs through their involvement in the phosphorylation or dephosphorylation process. These protein kinases have been shown to reduce the potency of imidacloprid on insect nAChRs ([@iev080-B8]). Therefore, it is appropriate to determine whether insecticides regulate the function of nAChRs through the modulation of expression of these regulator and modulator proteins.

For nAChRs interacting proteins, 18 and 11 unigenes were regulated at LD and HD, respectively. Partial data are provided in [Table 3](#iev080-T3){ref-type="table"} and detailed data in [Supp Table 2](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev080/-/DC1) (online only). A total of 15 genes (14 upregulated and one downregulated genes), encoding interacting proteins, were expressed significantly differently at LD. All of the 11 significantly differentially expressed genes at HD were upregulated. Some proteins interacted with nAChRs and potentially regulated the expression of insect nAChRs. These genes, encoding RIC-3, SAP102, ubiquilin-1, PICK1, *N*-ethylmaleimide-sensitive factor, pyruvate kinase 3, spectrin alpha chain and protein kinase C, were upregulated at both LD and HD ([Table 2](#iev080-T2){ref-type="table"}). The log~2~Ratio values of these genes at LD were higher than those at HD. Several genes, such as VAMP-1/2 and dynamin 1, were specifically regulated at LD. There were also some genes specifically regulated at HD, such as the lysozyme C-1 precursor and 14--3--3 protein. These results suggested that the expression of nAChR-interacting proteins was differently regulated by imidacloprid at different doses. These proteins might regulate the function of nAChRs through changes in their expression levels in response to insecticide-induced stress. Of course, these factors merit further investigation. Table 3.The expression of some nAChR-associated proteins after exposure to imidaclopridNameUnigene IDLog~2~Ratio (CK-LD)Log~2~Ratio (CK-HD)FunctionRIC-3U310061.151.02nAChR maturation ([@iev080-B29])SAP102CL2460-11.650.77Anchor postsynaptic proteins ([@iev080-B7])CL2460-40.941.02ubiquilin-1CL1030-23.021.83nAChR subunit degradation ([@iev080-B12])PICK1CL1823-11.341.10Reduce nAChR clusters ([@iev080-B3])VAMP-1/2U160861.460.48Synaptic vesicle protein ([@iev080-B10])COP9 signalosome complex subunit 6U102341.220.52interacting with human β1 ([@iev080-B35])Clathrin heavy chainCL490-11.920.93nAChR trafficki ([@iev080-B19])*N*-ethylmaleimide-sensitive factorU5451.861.20nAChR trafficking ([@iev080-B19])eEF2U173301.610.70nAChR maturation ([@iev080-B19])G-protein (Goα)CL4547-11.310.69interacting with mouse β2 ([@iev080-B19])Pyruvate kinase 3CL4699-31.531.26interacting with mouse β2 ([@iev080-B19])Spectrin alpha chainU212962.372.24Cytoskeleton component ([@iev080-B19])Protein kinase CU336243.742.34Serine/threonine phosphorylation ([@iev080-B19])creatine kinaseCL4483-11.350.49interacting with mouse β2 ([@iev080-B19])Dynamin 1CL181-1−1.30−0.72nAChR trafficking ([@iev080-B19])Lysozyme C-1 precursorCL305-1−1.27−0.17interacting with mouse β2 ([@iev080-B19])CL3823-2−0.421.82CL691-24.38−0.5814--3--3 proteinCL1627-12.451.27nAChR stabilization ([@iev080-B17])CL1627-3−2.20−0.56SynaptotagminCL2343-11.671.31interacting with mouse β2 ([@iev080-B19])CL298-2−2.45−0.93

Dynamin1 (CL181-1) was downregulated at LD, but was unaffected at HD. The different regulation patterns for this gene by an applied dose could be regarded as a signal to define that the dose was a lethal dose or a sub-lethal dose. Upon application of a fixed insecticide dose, insects might be regarded relatively susceptible if the regulation pattern is consistent with that of HD and relatively resistant if consistent with LD. So, after the confirmation in different populations, these differently regulated genes could be developed into molecular markers to estimate the resistance levels in insects.

### Expression of P450-Encoding Genes

The expression levels of 54 P450-enoding genes in the locust CNS transcriptome were found to vary ([Supp Table 3](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev080/-/DC1) \[online only\]). A total of 43 P450 unigenes, including 32 upregulated unigenes and 11 downregulated unigenes, was differentially expressed at LD. Thirty-four P450 unigenes, including 21 upregulated and 13 downregulated unigenes, were differentially expressed at HD. For both LD and HD, the CYP4 subfamily had the greatest number of differentially expressed genes of all P450 subfamilies. Fourteen upregulated and three downregulated unigenes at LD belonged to the CYP4 subfamily, and the number was 16 at HD, including seven upregulated and nine downregulated unigenes ([Table 4](#iev080-T4){ref-type="table"}). This may be because the CNS P450s are primarily involved in producing hormones rather than metabolize xenobiotics ([@iev080-B16], [@iev080-B5]). For example, the CYP4 gene family in insect CNS is involved in regulating the production of molting hormone and juvenile hormone ([@iev080-B38], [@iev080-B39], [@iev080-B25], [@iev080-B1], [@iev080-B31]). It is reasonable to assume that a greater number of genes in the CYP4 subfamily, compared with the CYP6 subfamily, were regulated by the insecticide imidacloprid in the locust CNS. P450 CYP4G15 is expressed specifically in the CNS of *D. melanogaster* ([@iev080-B25]). Some unigenes were annotated as CYP4G15 in the locust CNS and regulated by imidacloprid treatment. Table 4.Numbers of genes encoding P450 proteins whose expression was regulated by imidacloprid treatmentsLDHDUpregulatedDownregulatedUpregulatedDownregulatedCYP414379CYP69472CYP94230Mito5242Total32112113

In insects, the CYP6 P450 subfamily plays important roles in metabolizing imidacloprid ([@iev080-B9], [@iev080-B32], [@iev080-B45]). In our study, 13 and 9 protein differentially expressed unigenes were identified in CYP6 subfamilies at LD and HD, respectively. The expression of most CYP6 unigenes was upregulated ([Table 4](#iev080-T4){ref-type="table"}) CYP6BQ9 in the CNS of *Tribolium castaneum* and CYP6D1 in the CNS of *Musca domestica* are involved in insecticide metabolism and so are associated with insecticide resistance ([@iev080-B21], [@iev080-B47]). Thus, the upregulation of these CYP6 genes in the locust CNS might be involved in variation in imidacloprid sensitivity.

A greater number of genes were regulated by LD than HD. The levels of regulation were also higher at LD than that at HD. This is consistent with a previous report that the expression of few metabolic enzyme genes was induced by high insecticide concentrations ([@iev080-B43]). Among 23 genes regulated at both LD and HD, the regulation levels of 19 P450 unigenes were higher at LD than at HD. Meanwhile, more CYP4 subfamily unigenes were upregulated than that downregulated at LD. In contrast, more unigenes were downregulated than that upregulated at HD. The response might be due to the induction of different regulatory mechanisms in response to sublethal and lethal insecticide doses. In response to sublethal dose, insects mainly try to generate the tolerance to insecticides via gene expression regulation. However, in response to a lethal dose, gene expression regulation is focused on survival.

### Validation of Differential Gene Expression

To evaluate the validity of Illumina analysis, a total of 17 differentially expressed unigenes, including one nAChR subunit (Locα8), four nAChRs-interacting proteins unigenes, and 12 P450s unigenes were selected to test expression changes by qRT-PCR following imidacloprid treatments at LD and HD. The expression variation of these unigenes is shown in [Table 5](#iev080-T5){ref-type="table"} and [Figure 1](#iev080-F1){ref-type="fig"}. Among 17 differentially expressed unigenes from the transcriptome analysis, the expression changes in most (more than half) unigenes were confirmed by qRT-PCR in either LD or HD treatments, including upregulation and downregulation. These results indicated that the transcriptome analysis could generally, although not completely, reflect the changes of gene expression with some admissible error. The results of qRT-PCR also supported the conclusion that a greater number of unigenes were regulated by LD than that by HD. However, the changes of some unigenes were not validated by qRT-PCR, such as the downregulation of U21296 and U29431 in LD, which were upregulated in the transcriptome analysis. So, the results from transcriptome analysis always need validation from qRT-PCR or other methods. Fig. 1.The fold change in expression level of 17 unigenes between different dose treatments (LD and HD) and CK determined by qRT-PCR. The expression levels in LD and HD were normalized to that in CK. Values are plotted as means ± SE of at least three repeats. \*Significantly different at 0.05 level; \*\*Significantly different at 0.01 level. Table 5.The expression variations of 17 unigenes from transcriptome and qRT-PCR analysisUnigene IDLD (transcriptome)CKqRT-PCR(LD)HD (transcriptome)qRT-PCR(HD)Log~2~Ratio (CK-LD)Fold changeMeansSEMMeansSEMLog~2~Ratio (CK-HD)Fold changeMeansSEMCL2087-14.9831.5591.0000.0757.7241.223\*\*2.254.7576.2360.870\*\*U50194.4521.8571.0000.0393.3110.498\*\*3.9014.9295.5571.144\*\*CL2702-34.0616.6791.0000.11210.4602.250\*\*2.606.0632.2890.295\*\*U336243.7413.3611.0000.0855.8021.416\*\*2.345.0633.1260.533\*\*CL2319-13.329.9871.0000.0581.2650.1814.1017.1480.9830.112U133892.817.0131.0000.1361.7440.322[\*](#iev080-TF1){ref-type="table-fn"}2.435.3891.1380.116CL2611-12.776.8211.0000.1024.1230.710\*\*2.345.0632.7900.428\*\*U212962.375.1691.0000.0710.1120.042\*\*2.244.7240.3080.060\*\*U294311.122.1731.0000.0650.4700.086\*\*0.591.5051.1170.085CL4026-1−7.300.0061.0000.0320.0290.007\*\*−1.920.2640.3590.048\*\*U6027−3.690.0771.0000.1140.0160.004\*\*−1.420.3740.8120.071[\*](#iev080-TF1){ref-type="table-fn"}CL2853-2−3.500.0881.0000.0700.3250.042\*\*−2.640.1600.2830.054\*\*U31578−1.810.2851.0000.0721.1440.118−1.210.4320.9520.117U31293−1.710.3061.0000.0561.1130.095−2.520.1740.8640.093CL181-1−1.300.4061.0000.0642.0290.530\*\*−0.720.6071.0900.125U385050.981.9721.0000.1030.4030.061\*\*−2.920.1320.2720.046\*\*CL3168-10.501.4141.0000.0850.9570.1221.202.2970.8860.069[^2]

In conclusion, the response to different imidacloprid doses differed significantly in locusts at the transcription level of related genes. The numbers and levels of nAChRs, interacting proteins, and P450 genes regulated by imidacloprid application were different between LD and HD treatments. Thus, different regulatory mechanisms would be motivated to mediate the response to stresses induced by different insecticide concentrations. Alternatively, it is possible that the expression variation of related genes could modulate neonicotinoid sensitivities by influencing insecticide detoxifications or by regulating target sensitivities, which might be potential factors for insecticide resistance.

SUPPLEMENTARY DATA
==================

Supplementary data are available at *Journal of Insect Science* [online](http://jinsectscience.oxfordjournals.org/lookup/suppl/doi:10.1093/jisesa/iev080/-/DC1).
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